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Abstract
We adopt a simplified model describing the collapse of a spherical thin-shell capac-
itor to give an analytical description how gravitational energy is converted to both
kinetic and electric energies in the gravitational collapse. It is shown that (i) aver-
aged kinetic and electric energies are the same order, about an half of gravitational
energy of spherical thin-shell capacitor in the collapse; (ii) caused by radiating and
rebuilding electric energy, the gravitational collapse undergoes a sequence of “on
and off” hopping steps in the microscopic Compton scale. Although the collapse
process is still continuous in terms of macroscopic scales, it is slowed down as the
kinetic energy is reduced and collapsing time is about an order of magnitude larger
than that of the collapse process eliminating electric processes.
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Introduction. In the gravitational collapse of neutral stellar cores at den-
sities comparable to the nuclear density, both macroscopic processes of grav-
itational and hydrodynamical interactions and microscopic processes of the
strong and electroweak interactions occur. In theoretical principle, these can
be well described by the Einstein-Maxwell equations and the equations for
the number and energy-momentum conservation of particles, duly taking into
account their interactions. In practical calculations of analytical or numerical
approach, however, it is rather difficult to simultaneously analyze both macro-
scopic and microscopic processes for the reason that the time and length scales
of macroscopic processes are much larger than those of the microscopic pro-
cesses. The approximation normally adopted is that microscopic processes are
treated as local and instantaneous processes which are effectively represented
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by a model-dependent parameterized equation of state (EOS). We call this
approximate locality.
Applying the approximate locality to electric processes, as required by the
charge conservation, one is led to local neutrality: positive and negative charge
densities are exactly equal overall space and time. As a consequence, all elec-
tric processes are completely eliminated in the assumption of the approximate
locality. On the other hand, it is well known that an internal electric field
(charge-separation) must be developed [1] in a totally neutral system of pro-
ton and electron fluids in the presence of gravitational fields. If the electric
field (process) is weak (slow) enough, the approximate locality is applicable.
However, this should be seriously questioned when the electric field (process)
is strong (rapid) in the case that neutral stellar cores reach the nuclear den-
sity where positive charged baryons interact via strong interactions that do
not associate to negative charged electrons, in addition to widely different
gravitational masses of baryons and electrons. In fact, strong electric fields
are created on the baryon core surface in an electrostatic equilibrium state
[2]. Furthermore, it is shown in Ref. [3], either pulsating or gravitationally
collapsing of the baryon core results in the dynamical evolution of electrons,
as a consequence, the strong electric field dynamically evolves in space and
time, and leads to the electron-positron pair-production process of Sauter-
Heisenberg-Euler-Schwinger (see the review [4]) for overcritical electric fields
E & Ec ≡ m2ec3/(e~). When this occurs in gravitational collapses of neutral
stellar cores, some part of the gravitational energy of neutral stellar cores
converts to the observable energy of electron-positron pairs, as a result, the
kinetic and internal energies of neutral stellar cores are reduced.
As mentioned above, the difficulties of dealing with such a problem come from
very different space-time scales of macroscopic and microscopic processes. We
are forced to properly split the problem into three parts: (i) microscopic pro-
cesses of electrodynamics; (ii) macroscopic processes of gravitational collapses;
(iii) the back-reaction of microscopic processes on macroscopic processes. In
Ref. [3], we study the first part of the problem: microscopic processes of elec-
trodynamics for strong electric field oscillations and pair-productions, which
form a radiative electric energy, in a postulated space-time world line of grav-
itational collapse. However, the back-reaction of such radiative electric energy
on collapse was not considered. In this article, we start to quantitatively un-
derstand the second and third parts of the problem in a simplified model how
gravitational, electric and kinetic energies of neutral stellar cores transfer from
one to another in gravitational collapses, to see the possibility of converting
the gravitational energy to the electromagnetic energy by the “breaking pro-
cess” of reducing kinetic energy [5]. The Planck units G = ~ = c = 1 are
adopted, unless otherwise specified.
Einstein-Maxwell Equations and conservation laws of two fluids The
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gravitational collapse of neutral stellar cores is generally described by the
Einstein-Maxwell equations and those governing the particle number and
energy-momentum conservation
Gµν = −8piG(Tµν + T emµν ), F µν;ν = 4piJµ,
(T νµ);ν = −FµνJν , (n¯e,BUνe,B);ν = 0, (1)
in which appear the Einstein tensor Gµν , the electromagnetic field F
µν (satis-
fying F[αβ,γ] = 0) and its energy-momentum tensor
T emµν =
1
4pi
(
F ρµ Fρν −
1
4
gµνF
ρσFρσ
)
; (2)
Uνe,B and n¯e,B are respectively the four-velocities and proper number-densities
of electrons and baryons,
Jµ = en¯pU
µ
B − en¯eUµe (3)
is the electric current density, and n¯p < n¯B the proper number-density of the
positively charged baryons. The energy-momentum tensor T µν = T µνe + T
µν
B
is taken to be that of two simple perfect fluids representing electrons and the
baryons, each of the form
T µν
B
= p¯
B
gµν + (p¯
B
+ ρ¯
B
)Uµ
B
Uν
B
, (4)
T µνe = p¯eg
µν + (p¯e + ρ¯e)U
µ
e U
ν
e , (5)
where ρ¯
e,B
and p¯
e,B
are the respective proper energy densities and pressures.
In this scenario, electrons and baryons are respectively described by two per-
fect fluids at or over the nuclear density, and they couple each other via the
electromagnetic interaction.
Baryon fluid and electron fluid must be separately described for the reasons
that in addition to the different kinematics of baryons and electrons, the
most important differences between their dynamics are: (i) baryons are much
more massive than electrons in terms of the long-range gravitational force and
baryon cores undergo relativistically collapsing processes; (ii) at or over the
nuclear density n¯nucl, the electron pressure is much larger that baryon one,
and baryons interact each other via the short-range strong force that does
not act on electrons. Electron and baryon fluids interact via the long-range
electromagnetic force, when two fluids are at or over the nuclear density, this
interaction between two fluids becomes rather strong, as will be specified be-
low. Note that we ignore the short-range weak interactions for the β-process
in this article. The long-range gravitational and electromagnetic forces are
explicitly present in Eqs. (1-3). Instead, the short-range strong interaction is
taken into account by pressure and energy density in the proper frame (see
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Ref. [6]),
p¯
B
=
1
3
3∑
i=1
T ii =
1
3
∑
B
δ3(x− x
B
)
p2
B
E
B
, (6)
ρ¯
B
= T tt =
∑
B
δ3(x− x
B
)E
B
(7)
where E
B
= E
B
(p
B
) is the energy spectrum of baryons, duly taking into ac-
count their short-range strong interactions (nuclear potential) at a given den-
sity n¯
B
& n¯nucl. Electrons’ pressure and energy density are analogously given
by Eqs. (6) and (7) by replacing the subscript B → e, however, the spec-
trum Ee = Ee(pe) is different from baryon one, due to the fact that electrons
are blind with the short-range strong interactions. As a result, the baryon
and electron EOS p¯B = p¯B(ρ¯B) and p¯e = p¯e(ρ¯e) are different, moreover, the
space-time gradients ∇p¯
e,B
and ∂p¯
e,B
/∂t are different.
Now we turn to discuss how the short-range strong interaction effect on the
baryon fluid velocity vi
B
= (U i/U t)
B
. In the Newtonian limit, Eqs. (1-4) lead
to the Euler equation (see Ref. [6])
∂v
B
∂t
+ (v
B
· ∇)v
B
= − 1− v
2
B
ρ¯
B
+ p¯
B
[
∇p¯
B
+ v
B
∂p¯
B
∂t
]
(8)
+ terms of long−range forces.
The first term in the right-handed side of Eq. (8) indicates the force due to the
space-time gradients of baryon fluid pressure. This implies that the space-time
gradients of baryon fluid velocity v
B
(x, t) should have the rates of short-range
strong interactions, which are proportional to the inverses of pi, σ, ρ and ω me-
son masses (∼ m−1pi,σ,ρ,ω,···), depending on values of the baryon density n¯B(x, t).
These nuclear reaction rates must be larger than the rate (& m−1e ) of electro-
magnetic interactions. In other words, the baryon fluid and electron fluid have
the different values of the incompressibility so that they have different rates
(frequencies) of reactions in space and time. However, this still remains as
an argument, because we has not so far been able to quantitatively calculate
the space-time gradients of baryon fluid pressure by Eqs. (6) and (7), then to
obtain the space-time gradients of baryon fluid velocity by Euler equation (8)
together with the Einstein-Maxwell field equations.
In the following, we attempt to address our attention to the issue how the
gravitational energy gained by the baryon fluid in collapses is transfered to
the electromagnetic energy and how kinetic and internal energies are reduced
as a consequence of total energy conservation. The energy conservation (1)
along a flow line of the electron fluid yields
Uµe (T
ν
µ);ν = en¯pFµνU
µ
e U
ν
B = en¯pγeγB(vB − ve)grrE, (9)
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where e and E are electric charge and field, the fluid velocity v(e,B) ≡ vr(e,B) =
(U r/U t)(e,B) and Lorentz factor γ(e,B) ≡ (1+UrU r)1/2(e,B) in the spherical geom-
etry
ds2 = −gttdt2 + grrdr2 + r2dθ2 + r2 sin2 θdφ2 . (10)
Eq. (9) indicates that the dynamical evolutions of the baryon fluid caused
by the gravitational or strong interactions can transfer the energy that the
baryon fluid gains to the electron fluid via an electric field, provided ve 6≡ vB.
As explained in the introductory section, for the reason that the differen-
tial equations governing macroscopic processes (e.g. gravitational collapse)
and the differential equations governing microscopic processes (e.g. electrody-
namic pair-production, nuclear reaction) have very different space-time scales
at least of the order of 1017, it is very difficult to simultaneously integrate
these differential equations and quantitatively show the energy transforma-
tion as indicated by Eq. (9) in the realistic case of gravitational collapses. In
order to overcome these difficulties and make steps toward the understand-
ing of the issue, on the basis of some assumptions and approximations, we
decouple the differential equations governing macroscopic processes from the
differential equations governing microscopic processes as follows.
(1) The first, we study the static case of compact stars at/over the nuclear
density, e.g., baryons and electrons of neutral compact stars are in their
equilibrium states. The local equilibrium profile of baryons must be de-
termined by the strong interaction, whereas the local equilibrium profile
of electrons must be determined by the electromagnetic interaction. In
the Thomas-Fermi model, an overcritical “equilibrium” electric fields are
found [2] on the surface of baryon cores. These results provide the initial
configurations for the dynamical space-time evolution of baryon core and
electron fluid in the gravitational collapse or pulsation.
(2) Because of the dynamics of gravitational collapse or pulsation, the baryon
core deviates from its equilibrium state. We postulate that due to the nu-
clear rigidity of baryon cores, an inward velocity vB and charged current
JB (Eqs. (9) in [3]) of baryon cores are introduced at the rate of the nu-
clear reaction scales, rather than the rate of the gravitational collapse, as
already indicated in Eqs. (6,7,8).We asked the question how the electron
fluid responses to this external baryon current JB. In Ref. [3], by solving
the microscopic kinetic transport equations (particle number and energy-
momentum conservation) of the electron fluid as well as the Maxwell
equations, we obtained the space-time evolution (non-equilibrium) of the
electron fluid and overcritical electric fields in the Compton scale, and
estimated the rate of pair-productions. These results are essentially due
to the postulation that the inward baryon current JB is introduced at
the rate of the strong interaction scale, rather than the gravitational one.
The rate of gravitational collapses is too slow to trigger these electrody-
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namic processes at the Compton scale. In addition, it should be pointed
out that in these calculations we did not solve the differential equations
for the electron fluid and the Maxwell equation together with the differ-
ential equation for the gravitational collapse. The baryon velocity vB is
treated as a parameter and its values are given by a simple collapsing
equation of thin shell at different radii of gravitational collapse (Figure
3 in Ref. [3]). In summary, two important assumptions were made: (i)
the baryon core is treated as a giant nucleus and the deviation from its
equilibrium state, represented by the baryon electric current JB ∼ vB, is
introduced at the rate of the strong introduction; (ii) the values of vB are
given by a simple collapsing model without considering dynamics of the
gravitational collapses.
(3) On the contrary, instead of solving the differential equations for micro-
scopic electrical processes in a given dynamics of gravitational collapse,
in this article we focus on solving differential equations for macroscopic
gravitational collapse processes in a given dynamics of electric processes
studied in Ref. [3], represented by an ansatz function. Our purpose is to
see the back-reaction of microscopic electrical processes on macroscopic
gravitational collapse processes. In order to gain some insight into this
issue, we study the gravitational collapse of a spherical thin-shell capaci-
tor, which might present a thin layer of collapsing stellar cores. Although
this spherical thin-shell capacitor is totally neutral, it carries electric and
gravitational energies. Using such a simplified model, we try to find an
analytical description and make a step in understanding the issue how the
gravitational energy is converted to electric, kinetic and internal energies
in a neutral stellar core collapse.
This has been so far our approach to the electromagnetic processes in the
gravitational collapse of neutral compact stars at/over nuclear density. This
approach is clearly far from being complete. In order to quantitatively show
that the production, oscillation and annihilation of electron-positron pairs
with overcritical electric fields indeed dynamically take place, one must solve
altogether the Maxwell equation and the quantum Boltzmann-Vlasov trans-
port equations not only for the electrons fluid [7], but also for the baryon
fluid with the strong interaction. We have not yet been able to model the
strong interaction for doing these quantitative calculations. On the basis of
the rates of various microscopic processes and interactions, we argue the possi-
bility of the production, oscillation and annihilation of electron-positron pairs
and dynamical evolution of overcritical electric fields (Eq. (26) in Ref. [3]). We
clarify that in our model these electric processes are triggered by the rapid
action rate of the baryon core due to the strong interaction, rather than the
gravitational interaction. However, the question is to understand how to quan-
titatively describe and calculate the dynamics of strongly interacting baryon
core in gravitational collapse, and how the baryon charged current JB is in-
troduced at the rate of strong interactions. This will be the subject for our
6
future work.
A spherical thin-shell capacitor The spherical thin-shell capacitor is com-
posed by a layer of positively charged baryons and a layer of negatively charged
electrons. The baryon layer is defined as a mathematically thin layer, while
the electron layer is understood as a physically thin layer with a thickness
“d” specified below. The total numbers of charged baryons and electrons are
exactly equal so that the spherical thin-shell capacitor is totally neutral but
carries non-vanishing the electric energy stored inside two spherical layers. The
number-densities of two spherical layers are at least order of the nuclear den-
sity, as a consequence the radial separation “d” between two spherical layers
must be a few orders of the Compton length λC . The reasons are the follow-
ing: electric fields between two layers E ≈ en¯nucld are overcritical and elec-
tric force acting on ultra-relativistic electrons balances their Fermi momenta
eEd ≈ P Fe ≈ n¯1/3nucl. Let the baryon layer locate at the Schwarzschild-like radial
coordinate r0 and electron layer distributes from r0 to r0 + d. The spherical
thin-shell capacitor can be physically considered as an infinitely thin shell for
d/r0 → 0. The spherical thin-shell capacitor is henceforth denoted by “the
thin shell” in short.
As the baryon layer is mathematically thin, in Eq. (4) the baryon pressure
p¯B = 0 and mass density ρ¯B(x) = ρ¯Bδ
(4) (x, x0), where ρ¯B is the constant
surface density in the proper frame of the baryon layer and the 4-dimensional
Dirac distribution is defined as∫
δ(4) (x, x0)
√−gd4x = 1,
where g = det ‖gµν‖. Then we have (dΩ = sin θdθdφ)
∫
ρ¯Bδ
(4) (x, x0) r
2drdΩdτ = M0, (11)
where M0 is the rest mass of the baryon layer, and τ is the proper time along
the world surface S : x0 = x0 (τ, θ, φ) of the baryon layer. S divides the space-
time into two complementary static space-times: an internal one M− and an
external one M+. Their time-like Killing vectors are denoted by ξµ− and ξµ+.
M+ is foliated by the family {Σ+t : t+ = t} of space-like hypersurfaces of
constant t+.
On the other hand, introducing the orthonormal tetrad
ω
(0)
± = (g
±
tt )
1/2dt, ω
(1)
± = (g
±
rr)
−1/2dr, ω(2) = rdθ, ω(3) = r sin θdφ, (12)
we describe the electric field E = Eω(1) and electromagnetic tensor (T em)t
t =
E2/(8pi) and (T em)i
i = −E2/(8pi) inside the thin shell (r0 ≤ r ≤ r0+ d). The
electric energy of the thin shell, measured by an observer at rest at infinity, is
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obtained by evaluating the Killing integral
∫
Σ+t
ξµ+T
em
µν dΣ
ν
+ = 4pi
∫ ∞
r
r2dr (T em)t
t ≡ Q
2
eff(r)
2r
, (13)
where dΣν+ is the surface element vector of the space-like hypersurfaces Σ
+
t in
M+. In Eq. (13), we introduce the quantity Q2eff(r) 6= 0 for r0 ≤ r ≤ r0 + d
to characterize the electric energy stored inside the thin shell. Q2eff(r) = 0 for
r > r0 + d and r < r0. The total electric energy inside the thin shell is given
by
Eem(r0) = Q
2
eff(r0)
2r0
, (14)
where the quantity Q2eff(r0) parametrizes the total electric energy stored in-
side the thin shell that locates at radius r0(t0) and time t0. Qeff(r) does not
represent an electric charge carried by the thin shell. We express the repul-
sive electric energy (13) or (14) in the same form of the Coulomb energy of
a spherical charged layer for the reason that it is useful to study the collapse
equation of the thin shell in next section. It is worthwhile to mention again
that if we do not consider the strong interaction that differentiates between
protons and electrons, electric charges must be complete screened so that the
electric field and energy vanish and Q2eff of Eq. (13) is zero. In this case, we
are led to the traditional scenario describing the collapse of neutral thin shell.
The energy-momentum tensor (5) of the electron layer has a physical distri-
bution over the size “d” of the thin shell. Analogously to Eq. (13), we define
the total energy of the electron layer as
Eelectron(r0) ≡
∫
Σ+t
ξµ+(Te)µνdΣ
ν
+ = 4pi
∫ ∞
r0
r2dr (Te)t
t, (15)
where (Te)
t t = (ρ¯e+ p¯e〈v2e〉)/(1−〈v2e〉) and ve is the electron fluid velocity. In
Ref. [3], it is shown that the electron fluid velocity ve is ultra-relativistically
oscillating back and forth collectively with oscillating electric fields inside the
thin shell, 〈v2e〉 indicates the averaged value over rapid oscillations in the
Compton scale. In Eq. (15), the rest mass of the electron layer is negligible,
compared with its internal energy for ultra-relativistically oscillating electrons.
Moreover, at or over the nuclear density, electron Fermi momenta P Fe ∼ mpi in
the proper frame of the electron fluid is rather smaller than the baryon mass
m
B
. Therefore, compared with the rest mass of baryon layer M0, we neglect
the internal energy of electron layer Eelectron(r0) of Eq. (15) in this article.
The thin baryon shell collapses in the velocity dr0/dt0 which will be discussed
in the next section. The electron fluid collapses together with the baryon
shell, due to strong Coulomb force, however the electron fluid velocity ve
has two components: (i) the baryon shell velocity dr0/dt0; (ii) the oscillating
velocity inside the baryon shell. In the approximation of thin shell model, we
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disregard the detailed space-time oscillations of electron fluid and electric field
in the Compton length scale, which lead to the energy radiation in the form
of electron-positron pairs. Instead, we attempt to properly model the quantity
Q2eff(r0) to represent these microscopic processes of building the electric energy
(14) and radiating it away from the thin shell, so as to study the back-reaction
of these microscopic processes on the macroscopic process of gravitational
collapse of the thin shell.
Collapse of spherical thin-shell capacitor A lot of attention has been
focused on the exact solution of thin charged shell in gravitational collapse [8].
Following the line presented in Refs. [9] and [10] for finding an exact solution of
thin charged shell in gravitational collapse, we try to approximately solve the
Einstein equations (1,2) for the gravitational collapse of the spherical thin-shell
capacitor (the thin shell). We have g−tt = (g
−
rr)
−1 ≡ f− and g+tt ≈ (g+rr)−1 ≡ f+,
where the sign “≈” indicates for the range r0 ≥ r ≥ r0 + d, where we neglect
the charge and mass-energy distributions of the electron layer. From the Gtt
Einstein equation, we get
ds2 =


−f+dt2+ + f−1+ dr2 + r2(dθ2 + sin2 θdφ2) in M+
−f−dt2− + f−1− dr2 + r2(dθ2 + sin2 θdφ2) in M−
, (16)
where
f+ = 1− 2Mr +
Q2
eff
(r)
r2
, and f− = 1; (17)
t− and t+ are the Schwarzschild-like time coordinates inM− andM+ respec-
tively. M is the total mass-energy of the thin shell, measured by an observer
at rest at infinity. Indicating by t0± the Schwarzschild-like time coordinate of
the thin shell, from the Gtr Einstein equation we have
M0
2
[
f+ (r0)
dt0+
dτ
+ f− (r0)
dt0−
dτ
]
= M − Q2eff
2r0
, (18)
where we introduce the notation Q2eff ≡ Q2eff(r0). The remaining Einstein equa-
tions are identically satisfied. From (18) we have that the inequality
M − Q2eff
2r0
> 0, (19)
holds since the left-handed side of Eq. (18) is clearly positive. We define the
four-velocity Uµ of the thin shell as the four-velocity UµB of the baryon layer, for
the reasons discussed in the paragraphs where Eqs. (6-8) are. From (18) and
the normalization condition of the four-velocity of the thin shell UµU
µ = −1,
[
−f± (r0) dt0±dτ + f± (r0) dt0±dτ
]
= −1, (20)
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we find
(
dr0
dτ
)2
= 1
M2
0
(
M ± M20
2r0
− Q2eff
2r0
)2
− f∓ (r0) , (21)
dt0±
dτ
= 1
M0f±(r0)
(
M ∓ M20
2r0
− Q2eff
2r0
)
, (22)
in the space-times M±. Eqs. (16-22) completely describe a 3-parameter (M ,
Q2eff , M0) family of solutions of the Einstein equations. As we will see, for
the description of the collapse we can choose either M− or M+. The two
descriptions are equivalent and relevant for the physical interpretation of the
solutions.
For astrophysical applications, see for example Ref. [11], we attempt to ap-
proximately solve the equation of motion of the thin shell and obtain the
trajectory r0 = r0 (t0+) as a function of the time coordinate t0+ relative to the
space-time region M+. In the following we drop the + index from t0+. From
(21) and (22) we have the equation of motion of the thin shell
dr0
dt0
= dr0
dτ
dτ
dt0
= ±F
Ω
√
Ω2 − F ,
dr0
dτ
= ±
√
Ω2 − F (23)
where F ≡ f+ (r0) of Eq. (17),
Ω ≡ Γ− M20+Q2eff
2M0r0
, Γ ≡ M
M0
. (24)
Since we are interested in an imploding thin shell, only the minus sign case
in (23) will be studied. We can give the following physical interpretation of Γ.
For M ≥ M0, Γ coincides with the Lorentz factor of the imploding thin shell
at infinity; from (23) it satisfies
Γ = 1√
1−
(
dr0
dt0
)2
r0=∞
≥ 1. (25)
We rewrite equation of motion (23) as
(
dr0
dτ
)2
=
[
Γ +
M0
2r0
(1− ξ2)
]2
− 1,
or
(
Ω
F
)2 (dr0
dt0
)2
=
[
Γ +
M0
2r0
(1− ξ2)
]2
− 1, (26)
where Ω ≡ Γ−(M0/2r0)(1+ξ2) and we define an effective “charge-mass-ratio”
ξ ≡ Qeff
M0
. (27)
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Actually ξ2 represents the ratio of electric energy and gravitational energy of
the thin shell. For the case Γ = 1 (M = M0), i.e., the thin shell collapses
at rest from infinity. Eq. (19) requires M0 ≥ Q2eff/2r0 to start gravitational
collapse and Eq. (26) requires ξ < 1 to continue gravitational collapse. When
ξ = 1, gravitational collapse stops and kinetic energy of the thin shell vanishes
as will be seen below. The trajectory of the thin shell is given by the solution:∫
dt0 = −
∫
Ω
F
√
Ω2−F dr0. (28)
to the equation of motion (23).
To understand the total energy conservation of the thin shell in gravitational
collapse, we use the solution (21) in the flat space-time M−,
(
M0
dr0
dτ
)2
=
(
M +
M2
0
2r0
− Q2eff
2r0
)2
−M20 , (29)
we can interpret −M20
2r0
as the gravitational attractive energy of the thin shell
and
Q2
eff
2r0
is its repulsive electric energy. Introducing the total four-momentum
of the shell P µ = M0U
µ and its radial component P ≡ M0U r = M0 dr0dτ , the
kinetic energy of the thin shell as measured by static observers in M− is
expressed as [10]
T (r0) ≡ −Pµξµ− −M0 =
√
P 2 +M20 −M0. (30)
Then from Eqs. (29,30) we have
M(r0) = −M
2
0
2r0
+
Q2
eff
2r0
+
√
P 2 +M20
= M0 + T (r0)− M
2
0
2r0
+
Q2
eff
2r0
, (31)
where we choose the positive root solution due to the constraint (19). Eq. (31)
is the total energy-conservation of the thin shell, whose rest mass M0, kinetic
energy T (r0), gravitational energy −M
2
0
2r0
, and electric energy
Q2
eff
2r0
depend on
the radial coordinate r0(t0) in gravitational collapse.
In the following discussion, we consider the shell is at rest at infinity and starts
to gravitational collapse, T (r0) = 0, −M
2
0
2r0
= 0 and
Q2
eff
2r0
= 0 at r0 → ∞. The
initial energy of the thin shell M(r0 → ∞) = M0, i.e., Γ = 1. The total shell
energy M(r0) = M0 is conserved in the entire collapsing process.
Collapse of the thin shell with varying electric energy In Ref. [3],
assuming that in gravitational collapses, the baryon layer induces an inward
current-density
Jr
B
(r0) = en¯pU
r
B
≈ en¯p(r˙0Ω/F ), r˙0 = dr0/dt0, (32)
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at the rate of strong interaction scales, we show that triggered by this baryon
current (32), the current-density Jre = en¯eU
r
e of the electron layer oscillates col-
lectively with overcritical electric fields E at frequency ωosci = τ
−1
osci ≃ 1.5me,
leading to the production of electron-positron pairs at rate τ−1pair ≃ 6.6me.
Selecting values Jr
B
(r0) and r˙0 of Eq. (32) at different collapsing radii, we
calculated [3] the averaged energy and number densities of electron-positron
pairs produced, as well as the averaged electric energy (Coulomb energy)
of oscillating overcritical electric fields. In addition, our results presented in
Refs. [7,11] show that these electron-positron pairs annihilate to photons and
the ultra-dense plasma of electron-positron pairs and photons is formed with
the equipartition of energy and number of electron-positron pairs and pho-
tons, beside this plasma undergoes the hydrodynamical expansion and the
photon radiation occurs. This indicates that the electric energy is established
by the electron-positron oscillations collectively with overcritical electric fields,
then dissipated by electron-positron annihilations to photons radiating away.
Clearly, these results and discussions are based on the postulation that the
baryon current of Eq. (32) introduced by the strong interaction in a gravita-
tional collapse process triggers all electric processes, provided that the reaction
rates of processes satisfy the inequality of Eq. (26) in Ref. [3]. In the light of
the total energy conservation in gravitational collapses and Eq. (9), we further
postulate that the electric energy of these electric processes is converted from
the gravitational energy, as a consequence, the gravitational energy gained
by the collapsing baryon core is transfered to the photon radiation energy.
In future work, we are bound to show this energy conversion by solving the
equations of gravitational collapses altogether with the equations of electric
processes and nuclear processes. In the present article, we attempt to study
the back-reaction effect of this energy conversion on the gravitational collapse.
In the simplified model of collapsing thin shell, we represent
Q2
eff
2r0
the electric
energy established by electron-positron pair production and oscillation with
overcritical electric fields, then dissipated by electron-positron annihilations
to photons radiating away at the collapsing radius r0. The time variation rate
of this electric energy
Q2
eff
2r0
is characterized by the frequency ωosci ≃ 1.5me [3].
On the other hand, from collapse equation (26) for Γ = 1, it is shown that the
collapsing velocity (dr0/dt0) varies between zero and its maximal value as the
“charge-mass-ratio” ξ varies from 1 and 0, corresponding to the microscopic
processes of the electric energy
Q2
eff
2r0
built up and completely radiating away.
On the basis of numerical results (Fig. 5) in Ref. [3], we model the varying
“charge-mass-ratio”
ξ = ξmax| sin(ωoscir0)|+ ξmin, r0 = r0(t0). (33)
where ωosci ≃ 1.5me, ξmax = 0.6 and ξmin = 0.1, to illustrate the back-reaction
of this radiative electric energy on the gravitational collapse of the thin shell.
This postulates that at the collapsing radius r0(t0) of the baryon layer, the
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microscopic processes of the electric energy
Q2
eff
2r0
built up and radiating away
are in the rate of the Compton scale ωosci ≃ 1.5me and effectively described
by a simple function of Eq. (33), and ξmin 6= 0 representing the part of the
electric energy that does not radiate away from the shin shell. Whereas the
case (ξ ≡ 0) represents the collapse of a neutral thin shell without carrying
any electric energy.
We express r0 and t0 in units of GM0 and GM0/c, then ωr0 = 1.5(meGM0)r0,
λC/GM0 = 1.05 × 10−16, 20GM⊙/c2 ≃ 10−4 second and M0 = 20GM⊙/c ≃
3 × 106 cm. Plotting the velocity r˙0 = dr0/dt0 of Eq. (26) in Fig. 1, we find
that in collapse process, the thin shell velocity is oscillating between zero
and the envelop curve, which represents the collapsing velocity of the thin
shell carrying the electric energy described by ξmin 6= 0.1. This result shows a
sequence of “on and off” collapsing steps: the thin shell at rest starts to move
inwards due to the gravitational attraction of the baryon layer, and stops due
to the repulsion of the electric energy
Q2
eff
2r0
built up to ξ = 1, then restarts to
move inwards again due to the electric energy
Q2
eff
2r0
partially radiating away in
the form of electron-positron pairs and photons. The frequency of this “on and
off” hopping sequence is about ωosci ∼ me, the Compton scale. The collapse
process is still continuous in terms of macroscopic scale. However, as will be
seen soon, the time scale and kinetic energy of collapses are changed.
The averaged collapsing velocity of the thin shell of Eq. (33) is smaller than
the collapsing velocity (envelop curve) for the case ξ = 0. As a result, the time
duration of collapse process becomes longer. Assuming that the thin shell is
at rest at the radius R0 = 30M0 and starts to collapse, we plot in Fig. 2 the
time coordinate t0 of Eq. (28) as a function of the radial coordinate r0 of the
collapsing thin shell, in comparison with that of the case ξ = 0. The blue line
for the case ξ = 0 shows that the collapsing shell takes time ∼ 102GM0/c2 to
approach the horizon, whereas the red line for the case ξ of Eq. (33) shows that
the collapsing thin shell takes time ∼ 103GM0/c2 to approach the horizon.
The collapsing time for the case ξ of Eq. (33) is about 10 times longer than the
collapsing time for the case ξ = 0. This result is not sensitive to the value of
the frequency ωosci in the Compton scale and the detailed form of an oscillating
function (33) of the frequency ωosci.
It should be pointed out that in this simplified toy model of thin shell collaps-
ing, to evidently illustrate the back-reaction effect that slows down the col-
lapsing process in comparison with the free fall collapsing process in the same
plot (see Fig. 2), we select the initial radius R0 = 30M0 at which the thin shell
starts to collapse. As discussed, the baryon core must be at (over) the nuclear
density and the mean distance between baryons is about one Fermi (smaller
than one Fermi), where the strong interaction plays an important role. This
is the one of necessary conditions for the electric processes of production and
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oscillation of electron-positron pairs together with “non-equilibrium” overcrit-
ical electric fields to occur. Under this consideration, the initial radius R0 of
the baryon core starting to collapse should be smaller than 30M0. However,
in this simplified toy model of thin shell collapsing, the surface density of the
baryon thin shell is over the nuclear density at the initial radius R0 = 30M0.
Nevertheless, the necessary condition of baryon cores being at/over the nuclear
density should be duly taken into account, when we study the back-reaction in
a more realistic model describing the gravitational collapse of neutral stellar
cores.
Using the velocity r˙0 = dr0/dt0 of Eqs. (23) and (26), we plot in Fig. 3 the
kinetic energy T (r0) of Eq. (30) and the gravitational energy M
2
0 /2r0 of the
collapsing thin shell as a function of collapsing radius r0. Following the total
energy conservation of Eq. (31) and M(r0) = M0,
T (r0)− M
2
0
2r0
+
Q2
eff
2r0
= 0, (34)
the electric energy
Q2
eff
2r0
is given by the difference between gravitational energy
and kinetic energy, as shown in Fig. 3. In the collapse process, the kinetic en-
ergy T (r0) and electric energy
Q2
eff
2r0
are rapidly oscillating, following the ansatz
function (33) with the frequency ωosci of microscopic processes. Averaging over
these rapid oscillations, we obtain the averaged values of the kinetic energy
and electric energy, which are approximately equal to an half of gravitational
energy:
〈T (r0)〉 ≈ 〈Q
2
eff
2r0
〉 ≈ 1
2
M2
0
2r0
. (35)
This implies that the averaged electric energy radiating away from the thin
shell is about an half of the gravitational energy gained by the collapsing thin
shell in the collapsing process. When the black hole horizon is reached, using
Eq. (31), the irreducible mass of black hole is introduced [10]
M = Mir +
Q2
eff
2r+
, and Mir = M0 − M
2
0
2r+
+ T (r+), (36)
where
Q2
eff
2r+
is the total electric energy of the thin shell approaching the horizon
r+. Suppose that the electric energy
Q2
eff
2r+
completely radiates away, a black
hole is formed with the horizon r0 → r+ = 2M0 for F ≡ f+(r0) → 0. In this
case, the total electric energy radiating away from the thin shell is about an
half of gravitational energy of the thin shell
〈Q
2
eff
2r+
〉 ≈ 1
2
(
M20
2r+
)
=
1
8
M0, (37)
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and the irreducible mass of the formed black hole is about
Mir = M0 − M
2
0
2r+
+ 〈T (r+)〉 ≈ 7
8
M0, (38)
M0 = Mir + 〈Q
2
eff
2r+
〉, (39)
which implies about 1/8 of the gravitational energy extracted in gravitational
collapses.
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Fig. 1. In unit of the speed of light c, the collapse velocity (dr0/dt0) is plotted (fast
oscillating lines in blue) as a function of radius r0 of the collapsing thin shell. The
thin shell is at rest at the radius R0 = 30GM0 and starts to collapse. The thin shell
mass M0 = 20M⊙.
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Fig. 2. In thin shell collapsing process, the time coordinate t0 is plotted as a function
of radial coordinate r0 of the thin shell. t0 and r0 are in units of GM0. The red line
is for ξ of Eq. (33) and the blue for ξ = 0. The shell is at rest at the radius
R0 = 30GM0 and starts to collapse. The thin shell mass M0 = 20M⊙.
Summary and remarks In this article, on the basis of a simple model for
describing the gravitational collapse of a spherical thin-shell capacitor, we an-
alytically study how the gravitational energy gained in collapse converts to
the kinetic energy and electric energy, the latter can be radiated away. Us-
ing an ansatz function for the effective “charge-mass-ratio” (27) to model the
microscopic processes that create this electric energy and radiate it away in
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Fig. 3. In unit of the gravitational energy M20 /(2r0), the gravitational energy (con-
stant red line at 1) and kinetic energy (fast oscillating lines in blue) and electric
energy (fast oscillating lines in white) of the thin shell are plotted as a function of
collapsing radius r0.
the Compton scale, we study how the back-reaction of such radiative electric
energy on the macroscopic process of gravitational collapse. We find that the
rebuilding and radiating of repulsive electric energy cause the collapse pro-
cess undergoing a sequence of “on and off” hopping steps in the microscopic
Compton scale. Although such a collapse process is still continuous in the
macroscopic scales, it is slowed down as the kinetic energy is reduced and col-
lapsing time is about an order of magnitude larger than that of collapse process
eliminating electric processes. The averaged kinetic and electric energies are
the same order, about an half of gravitational energy in collapse.
These results are obtained from an over simplified model for both macroscopic
and microscopic processes. Nevertheless they indicate that apart from an elec-
tromagnetic energy radiation, the microscopic processes of electrodynamics
have significant back-reaction and effects on gravitational collapsing processes
in macroscopic scales. It is thus essential to take into account, rather than
ignore, electric processes in more realistic models for studying gravitational
collapse of neutral stellar core at/over the nuclear density, even though calcu-
lations are very complicate.
To end this article, we would like to mention the relevance of these results
to our previous studies of energetic budget and time duration of Gamma-Ray
Bursts (GRBs) as a signal of the final stage of gravitational collapse of mas-
sive stellar cores. The total electromagnetic energy extractable from a charged
black hole [12,13] (from the collapse of a neutral stellar core [3]) is a fraction
of its mass, which reasonably accounts for the energetic budget of GRBs. In
addition, the time duration T90 of electromagnetic radiation is about 10
−2
second obtained [14] by solving hydrodynamical equations with an initial con-
figuration of electro-positron pairs and photons sphere (dyadosphere) around
a charged black hole. This time duration scale is elongated to be an order
of magnitude larger ∼ 10−1 second [11,15] by considering both the dynam-
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ical formation and hydrodynamical evolution of dyadosphere in a collapsing
charged core. The results of this article imply that due to the back-reaction
of the dynamical formation and hydrodynamical evolution of dyadosphere on
collapsing neutral stellar cores at or over the nuclear density, the slowing down
of gravitational collapsing processes should elongate this time duration scale
by another factor of 10, i.e., T90 ∼ 1 second that reasonably accounts for the
time duration of short GRBs.
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